This paper reports on the magnetic properties of Zn 1−x Mn x O with Mn concentrations from 5% to 25%. The polycrystalline films, deposited by pulsed laser deposition on c-oriented sapphire and mica substrates, were first characterized by x-ray diffraction, absorption, and fluorescence, as well as by photoelectron and optical spectroscopy. Except for the highest Mn content films, all films are single-phase wurtzite, with Mn in tetrahedral coordination. Films with 25% Mn show traces of other crystal phases with spinel or perovskite structure. Their magnetization was then measured in function of applied magnetic field in the range Ϫ5 to 5 T and temperature in the range 1.8 to 300 K. All single-phase films exhibit paramagmetic behavior in the whole temperature range. Ferri-or ferromagnetic behavior ͑involving only a small proportion of the total magnetization͒ is found only in samples with other phases or in the sapphire substrates. The paramagnetic susceptibility increases with the Mn content. However, the decrease in the mean magnetic moment per Mn atom with increasing Mn concentration and the temperature dependence of the magnetic susceptibility around 1.8 K provide strong evidence of antiferromagnetic interaction between second neighbor Mn atoms.
I. INTRODUCTION
ZnO is a well studied II-VI wide gap semiconductor which assumes the wurtzite crystal structure at room temperature and pressure. Although undoped ZnO is diamagnetic, 1 its magnetic properties may be altered by growing semiconductor alloys in which Zn is partially replaced by a magnetic element such as Mn, 2 Fe, 3 or Co ͑Ref. 4͒ to produce a dilute magnetic semiconductor ͑DMS͒. Although DMSs have been studied for more than 30 years, they have recently attracted more interest due the prediction of room temperature ferromagnetic ͑FM͒ behavior in wide gap DMS alloys, such as Ga 1−x Mn x N and Zn 1−x Co x O. 5 Semiconducting and FM properties coexist in magnetic semiconductors like Eu and Mn chalcogenides 6, 7 and Cr spinels 8 but the crystal structure of such materials is very different to that of semiconductors used in industry, such as Si and GaAs. Moreover, their Curie temperatures are somewhat low and their crystal growth is difficult. Therefore, magnetic semiconductors based on nonmagnetic semiconductors with zinc-blende or wurtzite structure would be more convenient. Such materials could have applications in magnetooptics and spintronics, 9 such as nonvolatile memory, quantum computing, and novel communication devices. For this reason it is of particular interest to study wide gap DMSs based on ZnO alloyed with transition metals, such as Mn.
The magnetic properties of Zn 1−x Mn x O films have attracted a great deal of attention. This has been fueled by the controversy as to whether or not the material is FM, with often contradictory reports finding it to be antiferromagnetic ͑AFM͒, 10,11 diamagnetic, 12 and paramagnetic. 13 Even when ferromagnetism is reported, there is rarely agreement on the Curie temperature, with values ranging from as low as 45 K ͑Ref. 14͒ to in excess of 420 K. 15 The origin of the magnetic properties is also a topic of much discussion. For example, in Dietl's paper, 5 the mechanism proposed to explain ferromagnetism is an exchange interaction between free holes and localized spins. However, for this to happen in ZnO-based DMSs, they would need to be strongly p-doped. This poses a problem because the materials are normally n-type due to donors from zinc interstitials or oxygen vacancies. Moreover, Zhang et al. 16 showed that p-doping in ZnO is extremely difficult due to the low formation enthalpy of compensating defects. Nevertheless, Kim et al. report that nondegenerate p-type Zn 1−x Mn x O may still be obtained by doping with the group V elements N ͑Ref. 17͒ and As. 18 In this case, there is a possible explanation for the observed ferromagnetism, even if the hole concentrations are well below the values assumed in Dietl's model; 5 however, other groups claim that even n-doped Zn 1−x Mn x O samples are FM. 19, 20 In this case another theory would be required, such as the electron mediated exchange in a spin-split impurity band proposed by Coey et al. 21 More recently, Straumal et al. 22 have found that FM behavior in ZnO and ZnMnO samples is observed only when the grain-boundary-area-to-volume ratio is larger than a threshold value and suggest that the FM behavior is related to the foamlike material in the grain-boundary region.
The aim of this paper is to investigate the magnetic properties of well characterized Zn 1−x Mn x O polycrystalline thin films. In order to do this it was necessary to make sure that the preparation and experimental techniques were correctly applied to avoid erroneous results produced by substrates or clusters of magnetic atoms. For this reason a thorough structural characterization of the films was also done, whose results shall be presented in Sec. III before discussing the magnetic properties in Sec. IV.
II. EXPERIMENTAL METHOD
Zn 1−x Mn x O films with nominal Mn concentrations of 5%, 10%, 15%, 20%, and 25% were deposited on c-oriented sapphire and mica substrates by pulsed laser deposition ͑PLD͒ as in Sans et al. 23 . Targets were formed from compressed pellets containing a mix of ZnO and MnO in the desired proportions, which were baked in an oven at 1250 K for 12 h in an air atmosphere. The substrate temperature was 850 K and an oxygen pressure of 2 ϫ 10 −5 mbar was maintained throughout. Films with thickness from 125 to 300 nm were obtained. They turned out to be electrically insulating which prevented any topography study based on scanning electron microscopy. Therefore, we are unable to comment on the type of doping presented in the sample or the average crystallite size. A structural characterization by a range of x-ray techniques was carried out to test their quality and the presence of unwanted phases. X-ray diffraction ͑XRD͒ measurements were taken using a Bruker AXS D5005 diffractometer. As the thin films were polycrystalline, they were rotated in the plane perpendicular to the incident radiation in order to detect diffraction from many crystals at each angle, independently of their orientation. X-ray absorption spectroscopy ͑XAS͒ measurements were taken at the Spanish CGR SPLINE beamline ͑BM25A͒ at the European Synchrotron Radiation Facility. The beamline is equipped with a bending magnet and a double Si͑111͒ crystal monochromator ͑⌬E / E ϳ 10 −4 ͒ detuned up to 30% to reject high harmonic excitation. An energy resolving single-element Si ͑Li͒ detector at right angles to the beam was used to measure x-ray fluorescence ͑XRF͒ to quantify the atomic content of the films and, hence, verify stoichiometry. X-ray absorption near-edge structure ͑XANES͒ and extended x-ray-absorption fine structure measurements were carried out around the Mn K-edge ͑6539 eV͒ ͑Ref. 24͒ and Zn K-edge ͑9659 eV͒. These results were also compared to theoretical simulations done with the FEFF 8 code 25 to determine the dilute cation coordination environment.
Magnetization measurements were taken in function of temperature and applied magnetic field using a Quantum Design XL SQUID magnetometer. The average surface area of the films on sapphire was 20 mm 2 . Films on mica with larger surface areas of the order of 1 cm 2 could be used by cutting the samples into smaller pieces which could then be stacked between layers of Kapton tape. Each sample was mounted inside a plastic straw. The straw was connected to a diamagnetic rod, which was inserted into the cryostat of the magnetometer. Sample magnetization was measured in function of temperature in the range 1.8 to 300 K and in function of field in a closed loop from 5 to Ϫ5 T at 1.8 and 300 K. Results were corrected for the substrate response by scaling and subtracting the magnetic response of sapphire and mica substrates subjected to the same treatment, on which no films had been deposited. Figure 1 shows the x-ray diffractograms obtained for the Zn 1−x Mn x O films grown on sapphire. They have preferred c-orientation, which reduces the strain due to lattice mismatch. Zn 1−x Mn x O films appear to be single phase until a Mn concentration of at least 15%. In this range, increased ionic radius causes a linear increase in the c lattice parameter of 1.69Ϯ 0.04ϫ 10 −3 Å / % Mn. In the sample containing 20% Mn, two other peaks are observed, one on either side of the ZnO ͓002͔ peak. There are two possible explanations, the first being the presence of secondary phases. This would be in agreement with the maximum solubility of approximately 20%, given by Ando et al. 26 for MBE grown films but it is below the maximum solubility of 35% found by Fukumura et al. 27 for PLD grown films. Nevertheless, the peak before ZnO ͓002͔ corresponds well with body-centered tetragonal ZnMn 2 O 4 ͓200͔ ͑Ref. 28͒ and the peak after could be facecentered cubic ZnMnO 3 ͓311͔. Both these peaks are the most intense diffractions that occur when the corresponding materials are grown without a preferred orientation. The other explanation is that the film is becoming more polycrystalline, which broadens and occasionally shifts the energy of the peak. The diffractogram of the sample containing 25% Mn adds weight to this argument because its ZnO ͓200͔ and ͓400͔ peaks are considerably broadened and shifted. Figure 2 shows the XANES of high and low concentration Zn 1−x Mn x O films compared to simulations of the results expected either for Mn occupying the Zn substitutional position in wurtzite structure or forming a ZnMnO 3 phase. Bearing in mind that the peak intensities and energies produced by simulations are only approximate, the agreement of the one for Mn in wurtzite structure with experimental results is good, particularly with the sample containing 5% Mn. At 25%, the only difference is a slight flattening of the "B" and "C" peaks. These could be signs of the formation of a secondary phase but the concentration would probably be 29 This is in agreement with the results of Pellicer-Porres et al. 30 The constant form of the XANES in function of concentration implies that the Mn remains in the wurtzite configuration. XRF measurements were used to determine the dilute cation concentration in the films and good agreement with nominal concentrations was found.
III. STRUCTURAL CHARACTERIZATION

IV. MAGNETIC PROPERTIES
It was only possible to reliably separate the magnetic moments of the sample and substrate in the case of the films deposited on sapphire and, even then, only up to temperatures of approximately 100 K. In samples deposited on mica, the paramagnetic response of the mica substrates is difficult to separate from that of the thin films and, being caused by natural impurities, the fluctuation of the impurity concentration in different substrates lead to strong uncertainties. At higher temperatures the substrate response was of a similar magnitude or greater than the sample response, hence even relatively small differences between substrate magnetic moments were sufficient to produce uncertainty in those of the films. Figure 3 shows magnetization loops at a temperature of 1.8 K for the Zn 1−x Mn x O films deposited on sapphire. The region around zero-field has been enlarged and is shown in the inset. The first thing noted is the absence of hysteresis, which would have been indicative of FM behavior in all films except the one containing 25% Mn, where a coercive field of 5 mT is observed. A common explanation for apparent ferromagnetism is the inclusion of FM or FM phases or clusters in the sample. In this case, a ferrimagnetic secondary phase could be ͑Zn, Mn͒ Mn 2 O 4 , 31 a possibility within the interpretation of the XRD results. In all other films, the small differences that exist between the magnetizing and demagnetizing cycles are within the limits of experimental error. We also note that no evidence of ferromagnetism was found in the films deposited on mica, despite the difficulty in separating sample and substrate responses. These results are in disagreement with the numerous publications which report that Zn 1−x Mn x O is FM, including. [32] [33] [34] Besides FM secondary phases, another explanation for the erroneous detection of ferromagnetism is the failure to recognize ferromagnetism in the substrate. Many authors that claim that Zn 1−x Mn x O is FM deposit their samples on sapphire substrates, as in this investigation. However, some sapphire substrates, especially when subjected to high temperatures on ferrous sample holders, present a relatively strong FM response which must be corrected for. Magnetization measurements on the sapphire substrate with no deposited film detected a coercive field of 42 mT which, if uncorrected, would have been sufficient to give a positive result for ferromagnetism. These findings are in agreement with the conclusions of Che Mofor et al. 2 The magnetization loops were modeled by the Brillouin function, in reasonable agreement with experimental data, although there are two particular areas where deviation was observed. One was the region close to zero-field, which is particularly prone to errors, especially those introduced in the correction for the substrate response, and the other was in the high field region, suggesting that the films do not reach the saturation magnetization ͑M sat ͒. When expressing M sat in terms of Bohr magnetons ͑ B ͒ per Mn ion, there is a clear decrease from 1.97Ϯ 0.03 to 0.46Ϯ 0.10 as Mn concentration increases from 5% to 25%. This is an effect which has also been observed by other authors, such as Masuko et al., 35 who obtain a downwards trend in M sat in Zn 1−x Mn x O films with Mn concentrations between 5% and 10% at 1.85 K. The reason given for this tendency is the AFM superexchange interaction between neighboring Mn ions observed in Zn 1−x Mn x Te by Barilero et al. 36 We note that in the absence of AFM interactions, the saturation magnetism per Mn ion should be 5 B , which seems large in comparison with experimental values, especially at low Mn concentrations. Even if we assume that the saturation moments are not fully attained at 5 T, our results suggest that the density of antiferromagnetically coupled Mn dimers is much larger than ex- 
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pected form a purely random Mn distribution, in agreement with Fukumura et al. 10 and recent results showing the same behavior in Zn 1−x Co x O. 37, 38 In order to determine the type of magnetism produced in the Zn 1−x Mn x O films, the inverse of the magnetization at an applied field of 0.5 T was plotted in function of temperature ͑Fig. 4͒. Up to a temperature of around 100 K, all the samples produced an approximately linear trend. However, the trend often deviated from the line at above this temperature. This is most probably due to the failure to correct completely for the substrate contribution. The linear trends show the films to be clearly paramagnetic. However, to investigate the extent of the paramagnetism in the low temperature regime, the temperature dependence of the magnetization multiplied by the temperature ͑MT͒ was plotted ͑Figs. 5͒. While a material is paramagnetic, it would be expected to give a constant MT value. This appears not to be the case in Zn 1−x Mn x O at low temperature, as the experimental data clearly dips below the average values, shown as lines on the graph. This appears to correspond to the onset of the aforementioned AFM behavior. This is supported by the enlargement of the low temperature region of the inverse magnetization plots, shown in the inset to Fig. 4 . All the linear fittings cross the temperature axis at negative values, which is a typical feature of AFM behavior. In Fig. 5 , the majority of the samples also deviate from a constant MT value at around 47 K, due to a substrate effect related to the FM contribution of unidentified impurities in Al 2 O 3 .
To gain a more quantitative understanding of the magnetic behavior of the films, the inverse magnetization was fitted to the Curie-Weiss law. The Curie constant steadily increases from 0.8Ϯ 0.1 to 1.8Ϯ 0.1 m 3 kg −1 K between Mn concentrations of 5% and 20% but becomes horizontal as the Mn concentration reaches the DMS saturation limit. This makes physical sense because the Curie constant is an indication of the strength of the paramagnetism. Therefore, as the concentration of paramagnetic ions increases, the magnetic response increases accordingly. The Weiss constant, also obtained in the fitting, is always small and negative, corresponding to a weak AFM interaction, in agreement with the MT plots in Fig. 5 . Its absolute value steadily increases from 0.2Ϯ 0.1 to 2.4Ϯ 0.5 K between Mn concentrations of 5% and 20%, which also makes physical sense because the higher the concentration of Mn ions, the greater the chance that a Mn ion will have other Mn ions as second-nearestneighbors. This strengthens the AFM superexchange interaction so a greater temperature is needed to prevent the spins from being antialigned. The particular values obtained for the Weiss constant indicate that, if a transition to an AFM phase eventually occurs, its Néel temperature should be even lower. 39 Magnetic susceptibility and neutron diffraction experiments in wurtzite CoO nanocrystals do not show any evidence of AFM phases at 5 K ͑Ref. 40͒ and the authors suggest that the wurtzite structure frustrates the transition to long range AFM order. On these grounds, an AFM transition should be even less likely in the thin films studied here, in which Mn concentration is below the percolation limit. Our results are in agreement with those of Tomaszewska-Grzeda et al. 41 who obtained Weiss constants of less than 1 K in Zn 1−x Mn x O nanopowders with Mn concentrations of 2.6% and 7.6%.
V. CONCLUSION
Zn 1−x Mn x O films deposited at optimal conditions on mica and sapphire substrates by PLD were characterized structurally and magnetically. XRD results found the films to contain a single phase up to a Mn concentration of at least 15%, XAS measurements confirmed that the Mn occupied the expected Zn substitutional position and the stoichiometry of the films was verified by XRF. In films grown on sapphire, the only film that showed any evidence of ferromagnetism was the one containing the highest concentration ͑25% Mn͒, where a coercive field of 5 mT was observed, probably due to ferrimagnetic ͑Zn, Mn͒ Mn 2 O 4 secondary phases. Experimental results were modeled successfully by the Brillouin function and the saturation magnetization was found to be well below the expected 5 B per Mn even for low concentration samples. This could be caused by an AFM superexchange interaction between neighboring Mn ions. In function of temperature, Zn 1−x Mn x O films showed typical paramagnetic behavior, except in the low temperature limit where signs of the onset of antiferromagnetism were observed. On 
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applying the Curie-Weiss law, the Curie constant, which indicates the strength of the paramagnetism, increased by 0.9Ϯ 0.1 m 3 kg −1 K over the concentration range. The Weiss constant was always found to be small and negative, providing further evidence for low temperature antiferromagnetism.
